Recent human clinical studies with the NMDA receptor (NMDAR) antagonist ketamine have revealed profound and long-lasting antidepressant effects with rapid onset in several clinical trials, but antidepressant effects were preceded by dissociative side effects. Here we show that GLYX-13, a novel NMDAR glycine-site functional partial agonist, produces an antidepressant-like effect in the Porsolt, novelty induced hypophagia, and learned helplessness tests in rats without exhibiting substance abuse-related, gating, and sedative side effects of ketamine in the drug discrimination, conditioned place preference, pre-pulse inhibition and open-field tests. Like ketamine, the GLYX-13-induced antidepressant-like effects required AMPA/kainate receptor activation, as evidenced by the ability of NBQX to abolish the antidepressant-like effect. Both GLYX-13 and ketamine persistently (24 h) enhanced the induction of long-term potentiation of synaptic transmission and the magnitude of NMDAR-NR2B conductance at rat Schaffer collateral-CA1 synapses in vitro. Cell surface biotinylation studies showed that both GLYX-13 and ketamine led to increases in both NR2B and GluR1 protein levels, as measured by Western analysis, whereas no changes were seen in mRNA expression (microarray and qRT-PCR). GLYX-13, unlike ketamine, produced its antidepressant-like effect when injected directly into the medial prefrontal cortex (MPFC). These results suggest that GLYX-13 produces an antidepressant-like effect without the side effects seen with ketamine at least in part by directly modulating NR2B-containing NMDARs in the MPFC. Furthermore, the enhancement of 'metaplasticity' by both GLYX-13 and ketamine may help explain the longlasting antidepressant effects of these NMDAR modulators. GLYX-13 is currently in a Phase II clinical development program for treatment-resistant depression.
INTRODUCTION
NMDA receptor (NMDAR) modulation has therapeutic potential for the treatment of depression (Danysz and Parsons, 1998; Machado-Vieira et al, 2009; Skolnick et al, 2009 ). There are great unmet needs in the treatment of major depressive disorder: major depressive disorder affects B10% of the adult population and is the second leading cause of global burden of disease (Kessler et al, 2005; Mathers and Loncar, 2006) . Human clinical studies with the NMDAR antagonist ketamine have demonstrated antidepressant effects within 2 h and duration of effect lasting several days following a single dose in patients with treatment-resistant depression and bipolar depression (aan het Rot et al, 2010; Berman et al, 2000; Diazgranados et al, 2010a, b; Price et al, 2009; Zarate et al, 2006a; Zarate et al, 2012) . These results, along with postmortem data showing that NMDAR protein expression is altered in the prefrontal cortex of depressed patients, make the NMDAR a target of high interest in major depressive disorder (Feyissa et al, 2009; Skolnick et al, 1996) . GLYX-13 is a glycine-site modulator at the NMDAR (Burgdorf et al, 2011b; Haring et al, 1991; Moskal et al, 2005; Thompson et al, 1992; Zhang et al, 2008) and has been shown to preferentially modulate NR2B-containing NMDARs, given that the facilitation of NMDAR current by GLYX-13 at rat Schaffer collateral-CA1 synapses in vitro is completely blocked by the NR2B antagonist ifenprodil (Zhang et al, 2008) . GLYX-13 is an amidated tetrapeptide (threonine-proline-proline-threonine) with an B7-min half life in plasma, which was derived from a hypervariable region cloned and sequenced from the monoclonal antibody B6B21 (Moskal et al, 2005) . GLYX-13 has been shown to readily cross the blood-brain barrier, showing a brain uptake index of 80% (Oldendorf, 1970; Moskal et al, 2005) . GLYX-13 has been reported to: (1) enhance the magnitude of LTP of synaptic transmission while reducing longterm depression, which differentiates GLYX-13 from D-cycloserine (Zhang et al, 2008) , (2) enhance learning in a variety of hippocampus-dependent learning tasks including trace eyeblink conditioning and the Morris water maze in both young adult and learning-impaired aging rats (Burgdorf et al, 2011b) , (3) markedly reduce CA1 pyramidal neuronal cell death 24 h after bilateral carotid occlusion in Mongolian gerbils when administered up to 5 h after induction of occlusion ischemia (Stanton et al, 2009) , and (4) produce analgesic effects in the rat formalin and Bennett models of sustained pain (Wood et al, 2008) .
The experiments reported here were designed to determine if GLYX-13 exhibits antidepressant-like effects similar to ketamine without ketamine-like side effects. First, antidepressant-like effects of GLYX-13, ketamine, and fluoxetine were examined in the rat Porsolt, noveltyinduced hypophagia (NIH), and learned helplessness (LH) tests, using doses and routes of administration of ketamine and fluoxetine as positive controls at time points previously shown to produce an antidepressant response in these tests (Autry et al, 2011; Burgdorf et al, 2009; Detke, Rickels and Lucki, 1995; Dulawa and Hen, 2005; Li et al, 2010; Page et al, 1999) . Second, we also tested for ketamine-like side effects of GLYX-13 using the drug discrimination, conditioned place preference, open field, and prepulse-inhibition tests using doses and routes of administration of ketamine previously shown to produce behavioral effects in these tests (de Bruin et al, 1999; Burgdorf et al, 2009 Burgdorf et al, , 2010 Nicholson and Balster, 2009 ). Third, we determined if GLYX-13 and ketamine induced metaplasticity, defined as activity-dependent alterations in the cellular properties of synapses that alter their threshold for inducing long-term changes in synaptic plasticity (Abraham 2008; Huang et al, 1992) , and measured by increases in the threshold for the induction of hippocampal LTP 24 h post-dosing. Finally, in order to determine if the antidepressant-like effects of GLYX-13 and ketamine were associated with a LTP metaplasticity-like mechanism, we also determined if these compounds increased cell surface expression of the NR2B and GluR1 subunits of the NMDA and AMPA receptor, and if the antidepressant-like effects of GLYX-13 were blocked by the AMPA/kainate receptor antagonist NBQX (Maeng et al, 2008) .
MATERIALS AND METHODS

Animals
Adult male (2-3 month-old) Sprague-Dawley rats were used, except for the dose-finding study for medial prefrontal cortex (MPFC) injection of GLYX-13 in the Porsolt test (Figure 3a ) in which adult male (2-3 monthold) Fisher Brown Norway (FBNF1) rats were used. All animals in this study were purchased from Harlan (USA), except for animals used in the drug-discrimination studies that were purchased from Charles River (USA). All rats were housed in Lucite cages with corn cob or sawdust bedding, maintained on a 12 : 12 light : dark cycle (lights on at 0600 or 0800 hours), and given ad libitum access to Purina lab chow and tap water throughout the study. All experiments were approved by the Northwestern University, Virginia Commonwealth University, or New York Medical College Animal Care and Use Committees.
Drugs
GLYX-13 (molecular weight: 413.5) was purchased from Sai Advantium (India) and was administered in sterile saline vehicle at a volume of 1 ml/kg IV and SC, 5 ml/rat for intranasal, or 0.5 ml/rat for intracranial injection. Scrambled peptide (proline-threonine-threonine-proline-NH 2 ) was purchased from Bachem (USA). Ketamine HCl (molecular weight: 274.2) was purchased from Butler (USA) or JHP Pharmaceuticals (USA) as a 100 mg/ml stock solution and was administered in sterile saline vehicle (Baxter, USA) at a final volume of 1 ml/kg IV, SC and IP, or in 0.5 ml for intracranial injection. Fluoxetine HCl (molecular weight: 345.8) was purchased from Spectrum Chemical Manufacturing Corporation (USA) and was administered in Milli-Q water (Millipore, USA) at a volume of 4 ml/kg, as described in Detke, Rickels & Lucki (1995) . Isoflurane used for intracranial surgeries (1-5%) was purchased from Butler. Ifenprodil and NBQX were purchased from Sigma (USA) and NVP-AAM077 was obtained from Novartis (USA).
Porsolt Test
The Porsolt forced-swim test, adapted for use in rats, was performed as previously described (Burgdorf et al, 2009; Page et al, 1999) . Animals were placed in a 46 cm tall Â 20 cm in diameter clear glass tube filled to 30 cm with tap water (23 ± 1 1C) for 15 min on the first day (habituation) and 5 min on the subsequent test day. Water was changed after every other animal. Animals were videotaped, with floating time defined as the minimal amount of effort required to keep the animal's head above water, and was scored offline by blind experimenters with high inter-rater reliability (Pearson's r40.9).
Animals received a single dose of GLYX-13 before a single test session, following IV dosing (1, 3, 10, 32, 56 mg/kg, 20 min or 24 h before testing), SC dosing (1, 3, 10, 32, 56, 100 mg/kg; 60 min before testing), intranasal (79, 141, 250, 2500 mg/rat; 0.32, 0.56, 1, 10 mg/kg; 1 h before testing). Animals were given intranasal injections with two calibrated 2-ml Pipetman (Gilson, USA), delivering half the total dose to each nostril, as described in Gozes et al (2000) . Intra-MPFC injections of GLYX-13 and ketamine were also administered (0.1, 1, 10 mg/side; 1 h before testing), on the basis of a previous report that the antidepressant-like effects of ketamine (10 mg/kg, IP) were blocked by MPFC injections of an mTOR inhibitor (Li et al, 2010) . Sterile saline was used as the vehicle for all routes of administration.
A single dose of a scrambled peptide containing the identical four amino acids as GLYX-13, but in a different sequence was administered IV (3 mg/kg) and compared with 3 mg/kg GLYX-13, IV 1 h before testing or by intra-MPFC injection of 1 mg of the scrambled peptide or 1 mg GLYX-13, 20 min before testing. Sterile saline was used as the vehicle. A single dose of ketamine IP (10 mg/kg, 1 h before testing; Li et al, 2010) was also used. Fluoxetine SC (20 mg/kg, 23.5, 5, and 1 h before testing; Detke, Rickels & Lucki, 1995) was also used as a positive control.
For peripheral administration studies that were conducted 24 h post dosing, GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) were used. We also examined the effect of fluoxetine (20 mg/kg, SC, as described above) 24 h after the last dose. The GLYX-13 dose was chosen, given that this dose was the lowest dose that produced a significant antidepressant-like effect in the Porsolt test 1 h post dosing, and this dose was used for all efficacy studies. The ketamine dose was chosen, given that it produced a robust increase in protein levels of pS845 form of the obligatory AMPA GluR1 subunit in the MPFC to a similar extent as GLYX-13 (see Results section), which is consistent with a previous report showing that the antidepressant-like effects of ketamine are blocked by the AMPA/kainate receptor antagonist NBQX (Maeng et al, 2008) .
Open-Field Test
Open-field testing was performed as previously described (Burgdorf et al, 2009 ). Testing consisted of placing an animal in a 40 Â 40 Â 20 cm high, opaque Plexiglas openfield cage divided into nine equal-sized 13.3 Â 13.3 cm sections under red lighting for 10 min. Between animals, feces and urine were removed from the apparatus. Animals were videotaped, and line crosses were scored offline by blind experimenters with high inter-rater reliability (Pearson's r40.9).
A single dose of GLYX-13 IV (10 mg/kg, 1 h before testing) or ketamine positive-control SC (20 mg/kg, 1 h before testing) was given. The dose of GLYX-13 (10 mg/kg, IV) was chosen, given that it was the highest maximally effective dose of GLYX-13 in the Porsolt test. The dose of ketamine (20 mg/kg, SC) was chosen given our unpublished observation that this dose produces sedation/ataxia in the rotarod test 1 h post-dosing.
Novelty-Induced Hypophagia (NIH) test
A version of the NIH test was used that has previously been shown to detect the acute antidepressant-like effect of ketamine (Li et al, 2010) . Animals were food deprived overnight before testing, and lab chow was placed into the center chamber of the open field (40 Â 40 Â 20 cm) for 10 min under dim red lighting. Between animals, feces and urine were removed from the apparatus. After NIH testing, the latency to eat in the animal's home cage was determined as a control. Animals were videotaped, and latency (sec) for the animal to take the first bite of food was scored offline by a blind experimenter.
A single dose of GLYX-13 IV (3 mg/kg, 1 h before testing) or ketamine IV (10 mg/kg, 1 h before testing) was given. Sterile saline was used as the vehicle. Fluoxetine SC (20 mg/ kg, 23.5, 5, and 1 h before testing; Detke, Rickels & Lucki, 1995) was administered as a reference compound. Milli-Q water (Millipore) was used as the vehicle for fluoxetine.
Learned Helplessness (LH) Test
A version of the LH test was used that can detect the antidepressant-like effect of ketamine 24 h post-dosing (Li et al, 2010) . Experimental animals received pre-shock, which consisted of 60 inescapable shocks (0.8 mA; 15 s in duration; average intertrial interval of 45 s), 24 h before dosing. Animals received LH testing 24 h post dosing, consisting of 30 escapable shocks (0.6 mA; 30 s max duration; inter-trial interval 60 s). Animals could escape by shuttling through an open door to the no-shock side of the chamber. Naive control animals did not receive preshock or injection before LH testing. Escape latency was recorded by a blind experimenter. Animals received a single IV injection of GLYX-13 (3 mg/kg), fluoxetine (20 mg/kg SC; 23.5, 5, and 1 h before testing), or vehicle, 24 h before testing.
Conditioned Place Preference
Conditioned place preference testing was conducted, as described previously (Burgdorf et al, 2001b (Burgdorf et al, , 2007 . Animals were trained with GLYX-13 (10 mg/kg, IV), ketamine (10 mg/kg, IV), or saline vehicle (1 ml/kg, IV), utilizing an unbiased, two-chamber conditioned place preference apparatus. Animals received three drug-environment pairings and three vehicle pairings counterbalanced across 6 consecutive days. Immediately after injection, animals were placed into either the drug (white side) or vehicle (black side) paired chamber for 20 min. On the day before and after the conditioning sessions, animals received 15 min free access to both chambers. Habituation and post conditioning preferences for the drug-paired side were calculated from video recordings by a blind experimenter.
Prepulse Inhibition
Testing was conducted as previously described (de Bruin et al, 1999) . Animals were given injections of GLYX-13 (10 mg/kg) or saline (IV) 15 min before testing, or ketamine (10 mg/kg; de Burin et al, 1999) or saline vehicle (IP) and tested immediately post injection for prepulse inhibition. Following a 5 min habituation period in the test chambers (Med Associates, USA) with background white noise (70 dB), animals were given 15 trials of each of the following stimuli: startle alone (120 dB white noise, 20 ms in duration), prepulse (73 dB white noise, 40 ms in duration followed by the startle stimulus 100 ms later), or no stimulus (70 dB white noise background). Presentation of the stimuli was randomized with the inter-trial interval varied between 10 and 20 s.
Drug Discrimination
Testing was conducted as described previously (Nicholson and Balster, 2009 ). Adult male Sprague-Dawley rats were trained to discriminate ketamine (10 mg/kg, IP) from saline. Animals were then tested following administration of various doses of GLYX-13 (3-156 mg/kg, SC) and the percent of ketamine lever responding and rates of responding were recorded. Various doses of ketamine were tested as a positive control by both the IP and SC routes. Food (Harlan Teklad Rodent Diet, USA) access beyond those obtained during behavioral sessions was restricted to B15 g, given post session in order to increase lever-pressing for food. The subjects were trained daily (Monday to Friday) in 15 min sessions in standard twolever operant conditioning chambers (Med Associates, USA) under a double-alternation schedule of ketamine or saline (K, K, S, S, K, K, ect.) administered IP 15 min prior to session start. Completion of a fixed ratio (FR) 10 on the correct lever resulted in delivery of a 45 mg food pellet (P.J. Noyes Company, USA). During sessions, a white stimulus light located centrally above each lever was illuminated. Incorrect responding reset the FR for correct-lever responding. Test sessions were conducted on Tuesday and Friday when the subjects met the following criteria on the preceding training sessions: (1) first FR completed on the correct lever, and (2) 485% correct lever responding over the entire session. During test sessions, completion of a FR on either lever resulted in the delivery of food reinforcement. Switching levers before completion of a consecutive FR resulted in resetting the FR count. Training continued under the double alternation of 10 mg/kg ketamine and saline injections between test sessions. Illumination of lights, recording of responses, and pellet delivery were performed using a personal computer programmed with MED-PC operant conditioning software (version 1.1, USA).
Microinjection Surgery
Unilateral 22-gauge guide cannulae (Plastic Products, USA) were stereotaxically implanted into the infralimbic/prelimbic cortex regions of the medial prefrontal cortex (MPFC; þ 2.7 mm anterior, ± 0.5 mm lateral, 3.0 mm ventral to bregma; flat brain) under isoflurane anesthesia. All animals were allowed 1 week to recover from surgery before the start of testing. GLYX-13 dose finding and localization studies were conducted in 2-3 month-old FBNF1 rats with bilateral cannulae (MPFC; þ 2.7 mm anterior,±0.7 mm lateral, 3.1 mm ventral to bregma; cannulae angled 121 away from the midline) or dorsal control primary/secondary motor cortex ( þ 2.7 mm anterior, ± 1.2 mm lateral, 1.0 mm ventral to bregma; cannulae angled 121 away from the midline) under isoflurane anesthesia, as previously described (Burgdorf et al, 2010) . Cannulae were secured to the skull with jeweler's screws and dental cement. Microinjections (0.5 ml) were made with an injection cannulae that extended 1 mm past the guide cannulae. Injections were made across 1 min with a Harvard apparatus syringe pump (USA) and the cannulae were left in place for an additional 30 s. After the completion of behavioral testing, histology was conducted for cannulae tip location as described previously (Burgdorf et al, 2001a) , and sections stained with H&E, with a representative section shown in Figure 3e . For medial prefrontal cannulae, all tips were located within the infralimbic or prelimbic cortex 2.2-3.2 mm anterior to bregma. For motor cortex cannulae, all tips were located within the primary or secondary motor cortex 2.2-3.2 mm anterior to bregma.
Protein Determinations
Whole-cell lysates. Animals were injected with GLYX-13 (3 mg/kg, IV), ketamine (10 mg/kg, IV) or saline vehicle (1 ml/kg, IV), and 24 h post dosing, their brains were rapidly removed, frozen on dry ice, and the MPFC (frontal pole 3.0 mm anterior to bregma and medial to the forceps minor of the corpus callosum) and the hippocampus were dissected and stored at À 80 1C. Samples were extracted in ice cold RIPA buffer (1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM PMSF, 2 mM Na 3 VO 4 , 20 mM tetrasodium pyrophosphate, protease and phosphatase inhibitor cocktail), protein concentration was determined by the BCA assay (Pierce, USA), and aliquots stored at À 80 1C until assay.
Sulfo-NHS-SS-Biotinylation of cell surface protein.
Twenty-four hours post-dosing with GLYX-13 (3 mg/kg, IV), ketamine (10 mg/kg, IV), or sterile saline vehicle (1 ml/ kg IV), rat brains were rapidly removed following decapitation (B90 s), the MPFC and hippocampus were dissected on an ice cold platform and MPFC and hippocampal sections (B300 micron) were washed with ice cold ACSF (pH 7.4) supplemented with phosphatase inhibitors (NaF and Na 3 VO 4 ) saturated with 95% O 2 /5% CO 2 . Sections were then incubated in ice cold Sulfo-NHS-SS-Biotin (1 mg/ml) in ACSF (in mM): 126 NaCl, 2.5 KCl, 1.3 MgCl 2 , 10 glucose, 2.4 CaCl 2 , 1.24 NaH 2 PO 4 , 26 NaHCO 3 , pH 7.4) gassed with 95% O 2 /5% CO 2 , for 30 min, with the reaction terminated with ice cold glycine (1 mM) þ ACSF and ACSF alone washes. Tissue was then frozen on dry ice and stored at À 80 1C until assay. Tissue was sonicated in ice cold RIPA buffer (50 mM Tris-HCl pH8, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% TX100, 0.5% deoxycholate) supplemented with protease and phosphatase inhibitors (Sigma, USA), centrifuged at 25 000 Â g for 10 min at 4 1C, supernatant removed, and protein content determined by the BCA assay. Protein (3 mg) was precipitated with NeutrAvidin Ultralink resin (Pierce, USA) overnight at 4 1C with agitation. Following three washes with ice cold RIPA, samples were boiled in Laemmli buffer (containing 200 mM DTT).
Protein samples were separated by SDS-polyacrylamide gel electrophoresis, transferred onto PVDF membranes (Millipore, USA) and blocked in 1% NFDM, 1% BSA, TBS for 1 h at 23 1C. Membranes were incubated with GluR1 antibody (SC-13152, 1 : 200, Santa Cruz, USA; or MAB2263, 1 : 500, Millipore), anti-phosphoserine 845 GluR1 antibody (PRB-509p, 1 : 1000, Covance, USA), NR2B antibody (4207S, 1 : 500, Cell Signaling, USA) in 1% NMDF, 1%BSA, TBS overnight at 4 1C, followed by a 1-h incubation at 25 1C with a HRP-conjugated secondary antibody (1 : 2000-1 : 5000 Santa Cruz Biotechnology, USA). Immunoreactive bands were visualized by enhanced chemiluminescence (Immun-Star HRP, Bio-Rad, USA) and exposed to film (BioMax, Kodak, USA) for appropriate times. Membranes were re-probed with b-actin (5125, 1 : 5000-1 : 20 000, Cell Signaling) or stained with Reactive Brown 10 (Sigma, USA) to ensure equal protein loading. All images were within the linear range of the film and were quantified by ImageJ software (NIH, USA).
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Microarray
Microarray and data analysis were conducted as previously described (Burgdorf et al, 2010 (Burgdorf et al, , 2011 Kroes et al, 2006) . Triplicate microarray analyses were performed using the MPFC isolated from individual animals injected with GLYX-13 (3 mg/kg IV), ketamine (10 mg/kg IV) or saline vehicle (1 ml/kg, IV). At 1 or 24 h post dosing their brains were rapidly removed, frozen on dry ice, and the MPFC dissected and stored at À 80 1C until assay (n ¼ 5 per group). Individual 45-mer oligonucleotides complementary to sequences of 1178 cloned rat CNS mRNAs were synthesized on a PolyPlex 96-well oligonucleotide synthesizer (GeneMachines, USA) and spotted in triplicate onto epoxy coated slides (Telechem, USA) using an OmniGrid robotic microarrayer (GeneMachines, USA). Total RNA was extracted (RNeasy, Qiagen, USA) and used as the substrate for RNA amplification and labeling using the Eberwine protocol (Van Gelder et al, 1990) . Two micrograms of Cy5-labeled (experimental) and Cy3-labeled (universal rat reference, Stratagene, USA) amplified RNA (aRNA) were cohybridized on individual arrays at 46 1C for 16 h. Arrays were scanned using two lasers (633 and 543 nm) at 5 mm resolution on the ScanArray 4000XL (Packard Biochip Technologies, USA). Raw image files were normalized using locally weighted scatter plot smoothing (LOWESS) curve-fitting (GeneTraffic, USA). Data were analyzed using the Significance Analysis of Microarrays (SAM) algorithm followed by data mining with Gene Ontology Miner (GoMiner) as described in (Burgdorf et al, 2011a; Kroes et al, 2006) .
Quantitative Real-time PCR Analysis (qRT-PCR)
qRT-PCR was conducted as previously described (Burgdorf et al, 2011a; Kroes et al, 2006) . qRT-PCR was performed on MPFC and hippocampi of individual rats dosed with GLYX-13 (3 mg/kg, IV), ketamine (10 mg/kg, IV), or sterile saline vehicle (1 ml/kg IV) sacrificed 1 and 24 h post-dosing. The sequences of the qRT-PCR primers used in the study were as follows: NR1 (NM_017010), forward 5 0 -ATGGCTT CTGCATAGACC-3 0 and reverse 5 0 -GTTGTTTACCCGCT CCTG-3 0 . NR2A (NM_012573), forward 5 0 -AGTTCACCTAT GACCTCTACC-3 0 and reverse 5 0 -GTTGATAGACCACTTC ACCT-3 0 . NR2B (NM_012574), forward 5 0 -AAGTTCACCTA TGACCTTTACC-3 0 and reverse 5 0 -CATGACCACCTCACCG AT-3 0 . GluR1 (X17184) forward 5 0 -TGAAAGTGGGAGG TAACTTG-3 0 and reverse 5 0 -TAACACTGCCAGGTTTAC TG-3 0 . GluR2 (NM_017261) forward 5 0 -GACTCTGGCTCC ACTAAAGA-3 0 and reverse 5 0 -AGTCCTCACAAACACAG AGG-3 0 . GluR3 (NM_032990) forward 5 0 -GCAGCAAGG ATGTGATATTT-3 0 and reverse 5 0 -GCAGTGTAGGAAGAG ATTATGA-3 0 . GluR4 (NM_017263) forward 5 0 -ACAGC AGCTATTGAGAACAG-3 0 and reverse 5 0 -GCCTTCGTACT TGTCATTTCC-3 0 . 18S (NR_046237) forward 5 0 -CCTG CGGCTTAATTTGACTC-3 0 and reverse 5 0 -GGCCTCACT AAACCATCCAA-3 0 .
Electrophysiology
Twenty-four hours post-dosing with GLYX-13 (3 mg/kg, IV), ketamine (10 mg/kg, IV), or sterile saline vehicle (1 mg/kg, IV) animals were deeply anesthetized with isoflurane and decapitated. Brains were removed rapidly, submerged in ice-cold artificial cerebrospinal fluid (ACSF, 2-4 1C), which contained: 124 mM NaCl, 4 mM KCl, 2 mM MgSO 4 , 2 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM glucose; at pH 7.4, gassed continuously with 95% O 2 /5% CO 2 ). Brains were hemisected, the frontal lobes removed, and individual hemispheres glued using cyanoacrylate adhesive onto a stage immersed in ice-cold ACSF gassed continuously with 95% O 2 /5% CO 2 during slicing. 400-mm thick coronal slices were cut using a Vibratome (Leica VT1200S, Germany), and transferred to an interface holding chamber for incubation at room temperature for a minimum of 1 h before transferring to a Haas-style interface recording chamber continuously perfused at 3 ml/min with oxygenated ACSF at 32±0.5 1C.
Extracellular recordings for LTP studies. Low-resistance recording electrodes were made from thin-walled borosilicate glass (1-2 MO after filling with ACSF) and inserted into the apical dendritic region of the Schaffer collateral termination field in stratum radiatum of CA1 to record field excitatory postsynaptic potentials (fEPSPs). A bipolar stainless steel stimulating electrode (FHC, USA) was placed on Schaffer collateral-commissural fibers in CA3 stratum radiatum, and constant current stimulus intensity adjusted to evoke approximately half-maximal fEPSPs once each 30 s (50-100 pA; 100 ms duration). fEPSP slope was measured before and after induction of LTP by linear interpolation from 20-80% of maximum negative deflection, and slopes confirmed to be stable to within ±10% for at least 15 min before commencing an experiment. LTP was induced by stimulation of Schaffer collateral axons with four high-frequency theta burst stimulus trains of 10 Â 100 Hz/five pulse bursts each, applied at an inter-burst interval of 200 ms. Each train was 2 s in duration, and trains were applied 15 s apart. Signals were recorded using a Multiclamp 700B amplifier and digitized with a Digidata 1322 (Axon Instruments, USA). Data were analyzed using pClamp software (version 9, Axon Instruments) on an IBM-compatible personal computer. All external recording pipette solutions were made with deionized distilled water (resistance418 MO cm À 2 ; Milli-Q system, Millipore, USA). Chemicals for making extraand intracellular solutions were purchased from Sigma or Fluka (USA). Electrophysiological data were analyzed initially with Clampfit (v9) (Axon Instruments, USA), and further processed and presented with Origin 6.1 (Microcal Software, USA) and CorelDraw 10.0 (Corel, Canada) programs. Statistical analyses were performed with SPSS (v11, USA). Statistical data are presented as mean± SEM.
Intracellular whole-cell recordings of NMDAR currents. Whole-cell patch pipettes were pulled from borosilicate glass (1B150F-4, World Precision Instruments, USA) using a flaming/brown micropipette puller (P-97, Sutter Instruments, USA). The composition of the patch pipette solution for NMDAR current recordings was: 135 mM CsMeSO 3 , 8 mM NaCl, 10 mM HEPES, 2 mM Mg-ATP, 0.3 mM Na-GTP, 0.5 mM EGTA, 1 mM QX-314, pH adjusted to 7.25 with CsOH, resulting in an osmolarity of 280±10 mOsm and tip resistances of 5-6 MO.
Whole-cell patch clamp recordings were obtained from CA1 pyramidal neurons in slices in a fully submerged recording chamber at 30 1C, and 95% O 2 /5% CO 2 was passed over the perfusate to ensure an oxygenated local environment. The submerged recording chamber was mounted on a Zeiss Axioskop 2 FS upright microscope equipped with infrared differential interference contrast (DIC) optics. Pyramidal neurons of the hippocampal CA1 region were visualized with a 63 Â water immersion lens, and patched in the voltage-clamp configuration. Excitatory postsynaptic currents (EPSCs) were recorded using a MultiClamp 700B (Axon Instruments, USA), with the lowpass filter setting at 1-3 kHz, series resistance was compensated in the voltage-clamp mode, and patched cells whose series resistance changed by 410% were rejected from analysis. Data were acquired with a 16-bit D/A interface (Digidata 1322A, Axon Instruments, USA) stored on a PC-compatible computer and analyzed using PCLAMP software (v9, Axon Instruments, USA).
Statistics
All data were analyzed by ANOVA, followed by Fisher's PLSD post hoc test (Statview), except for microarray analysis, which was analyzed by Significance Analysis of Microarrays (SAM), followed by data mining with Gene Ontology Miner (GoMiner) as described in Burgdorf et al, (2010 Burgdorf et al, ( , 2011a .
RESULTS
GLYX-13 Produces an Antidepressant-like Response in Multiple Rat Models
As shown in Figure 1a , GLYX-13 (3-10 mg/kg, IV) significantly reduced floating times in the Porsolt test 20-60 min post dosing as compared with vehicle (F(5, 52) ¼ 2.4, Po0.05, Fisher's PLSD post hoc test GLYX-13 3 mg/kg, GLYX-13 10 mg/kg, vs vehicle Po0.05). The positivecontrol ketamine (10 mg/kg, IP), and fluoxetine (administered three times at 20 mg/kg, SC), but not the negativecontrol GLYX-13 scrambled peptide, decreased floating times as compared with vehicle (F(3,30) ¼ 12.2, Po0.05;
Figure 1 GLYX-13 produces an antidepressant-like effect in multiple rat models of depression. (a) Mean ± SEM floating time in the rat Porsolt test in 2-3 month-old Sprague Dawley rats treated with GLYX-13 (TPPT-NH 2 ; 1-56 mg/kg, IV), scrambled GLYX-13 (PTTP-NH 2 ; 3 mg/kg, IV), ketamine (10 mg/kg, IP), fluoxetine (20 mg/kg, SC), or sterile saline vehicle (1 ml/kg, IV) 30-60 min before testing, or (b) GLYX-13 (3 mg/kg, IV), ketamine (10 mg/kg, IV) or fluoxetine (20 mg/kg, SC) or saline vehicle-treated rats tested 24 h post dosing. (c) Mean±SEM latency to eat in the novelty induced hypophagia (NIH) test in rats dosed with GLYX-13 (3 mg/kg, IV), ketamine (10 mg/kg, IV) or saline and tested 1 h post dosing. (d) Mean±SEM escape failures in the footshock-induced learned helplessness test in 2-3-month-old male SD rats dosed with GLYX-13 (3 mg/kg, IV), fluoxetine (20 mg/kg, SC), or sterile saline vehicle (1 ml/kg IV; tail vein) 24 h before testing. Naïve control animals did not receive pre-shock or injection before LH testing. N ¼ 7-21 per group. *Po0.05 Fisher's PLSD post hoc test vs vehicle.
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Fisher's PLSD post hoc test ketamine, fluoxetine vs vehicle Po0.05, scrambled vs vehicle P40.05). The sample sizes for each group were: vehicle (n ¼ 8), GLYX-13 1 mg/kg (n ¼ 9), 3 mg/kg (n ¼ 11), 10 mg/kg (n ¼ 11), 32 mg/kg (n ¼ 11), 56 mg/kg (n ¼ 8), scrambled GLYX-13 3 mg/kg IV (n ¼ 12), ketamine 10 mg/kg, IP (n ¼ 7), fluoxetine 20 mg/kg (three doses), SC (n ¼ 7). GLYX-13 also reduced floating time in the Porsolt test following SC administration (10 and 30 mg/kg) at 1 h post-dosing as compared with vehicle (F(6, 97) ¼ 2.8, P o0.05, Fisher's PLSD post hoc test 10 and 30 mg/kg GLYX-13 vs vehicle Po0.05, data not shown) and intranasal administration (79-2500 mg/nare/rat) 1 h post dosing as compared with vehicle (F(4, 68) ¼ 24.5, Po0.05, Fisher's PLSD post hoc test 79, 141, 250 and 2500 mg GLYX-13 vs vehicle Po0.05, data not shown). Floating levels for the saline control groups did not significantly differ between IV, SC, and intranasal of administration 20-60 min post dosing (F(2, 47) ¼ 2.8, P40.05, data not shown).
As shown in Figure 1b , GLYX-13 (3 mg/kg, IV, n ¼ 11) and ketamine (10 mg/kg, IV, n ¼ 8), but not fluoxetine (20 mg/kg, SC, 3 doses; n ¼ 9) reduced floating time as compared with vehicle treated animals (n ¼ 21) in the Porsolt test 24 h post dosing (F(3, 45) ¼ 21.3, Po0.05), Fisher's PLSD post hoc test GLYX-13, ketamine vs all other groups Po0.05).
As shown in Figure 1c , GLYX-13 (3 mg/kg, IV, n ¼ 12) and the positive-control ketamine (10 mg/kg, IV, n ¼ 11) significantly reduced latency to eat in a novel environment in the NIH test 1 h post dosing compared with vehicle treated animals (n ¼ 14; F(2, 34) ¼ 5.7, Po0.05, Fisher's PLSD post hoc test GLYX-13, ketamine vs vehicle Po0.05), whereas feeding latencies were not changed in the homecage ((2, 34) ¼ 0.3 P40.05; data not shown). Neither GLYX-13 (3 mg/ kg, IV) nor ketamine (10 mg/kg, IV) altered locomotor activity in the NIH test 1 h post dosing (F(2, 34) ¼ 1.2, P40.05). The mean ± SEM (sample size) locomotor activity scores (line crosses) are: vehicle-treated group (145.1±9.5 (n ¼ 14)); GLYX-13-treated group (114.6 ± 21.7 (n ¼ 12)); and ketamine-treated group (111.5 ± 20.0 (n ¼ 12)). Fluoxetine (20 mg/kg, SC, 24, 5, and 1 h before testing; n ¼ 6) produced a non-specific increase in feeding latency compared with vehicle-treated animals (n ¼ 6) in both a novel environment (F(1,10) ¼ 21.5, Po0.05), as well as the animals homecage (F(1,10) ¼ 6.5, Po0.05), and, therefore, these data were not included in the main analysis. However, these data are consistent with a previous report that a single dose of fluoxetine (as well as desipramine and amitriptyline) increased feeding latency in a novel environment (feeding latencies in the home environment were not measured), whereas 21 daily doses of fluoxetine (as well as desipramine and amitriptyline) were required to reduce feeding latencies in a novel environment (Bodnoff et al, 1989) . Therefore, these results further support that chronic dosing with fluoxetine (but not subchronic dosing employed in the present study) is required to produce an antidepressant-like effect in the NIH test. In contrast, the NIH test can detect the antidepressant-like effects of ketamine after a single dose.
As shown in Figure 1d , GLYX-13 (3 mg/kg, IV; n ¼ 10), fluoxetine (administered three times at 20 mg/kg, SC; n ¼ 9), as well as no pre-shock naïve control group (n ¼ 7), reduced escape failures compared with vehicle (n ¼ 11) (F(3, 33) ¼ 19.0, Po0.05, Fisher's PLSD post hoc test vehicle vs all other groups Po0.05).
We also found that GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) reduced the floating time in the Porsolt test 1 week post-dosing as compared with vehicle-treated animals (F(2,29) ¼ 58.1, Po0.05, Fisher's PLSD post hoc test GLYX-13, ketamine vs vehicle Po0.05). The mean ± SEM (sample size) floating times (sec) are: 1 week vehicle-treated group (112.6 ± 11.3 (n ¼ 11)); 1 week GLYX-13-treated group (17.6 ± 3.9 (n ¼ 11)); 1 week ketamine-treated group (12.7±3.9 (n ¼ 10)).
The Antidepressant-like Effect of GLYX-13 is Blocked by the AMPA/kainate Receptor Antagonist NBQX As shown in Figure 2 , a silent dose of NBQX (10 mg/kg, IP, 70 min before testing) was able to block the antidepressant-like effects of GLYX-13 (3 mg/kg, IV) 1 h post dosing in the Porsolt test (F(3, 40) ¼ 19.2, Po0.05), Fisher's PLSD post hoc test GLYX-13 alone vs all other groups, Po0.05, NBQX alone vs vehicle alone P40.05). n ¼ 11 per group.
MPFC injections of GLYX-13, but not ketamine, produced an antidepressant-like effect in the Porsolt test
As shown in Figure 3a , MPFC injections of GLYX-13 (1-10 mg/side, but not 0.1 mg/side), produced an antidepressant-like effect in the Porsolt test 1 h post dosing compared with vehicle (F(3, 36) ¼ 8.9, Po0.05, Fisher's PLSD post hoc test GLYX-13, 1 and 10 mg/side vs vehicle Po0.05). However, GLYX-13 injected (1 mg/side) into the motor cortex (dorsal and lateral to the MPFC) failed to produce an Figure 2 The AMPA/kainate antagonist NBQX blocks the antidepressant-like effect of GLYX-13. Mean (±SEM) floating time in the Porsolt test in animals pre-treated with NBQX (10 mg/kg, IP) before GLYX-13 (3 mg/ kg, IV) dosing and tested 1 h post-dosing. The antidepressant-like effects of ketamine has also been shown to be blocked by NBQX (Maeng et al, 2008 ) n ¼ 11 per group. *Po0.05, Fisher's PLSD vs all other groups.
antidepressant-like effect compared with vehicle (F(1, 16) ¼ 0.1, P40.05), consistent with a direct antidepressant action of GLYX-13 in the MPFC.
As shown in Figure 3b Isoflurane has been shown to produce a rapid and longlasting antidepressant-like effect in treatment-resistant depressed subjects across six isoflurane anesthesia sessions (Langer et al, 1995) . We therefore examined if a single isoflurane anesthesia exposure would produce an antidepressant-like effect in rats that may potentially confound the antidepressant-like effects of GLYX-13 or ketamine. The isoflurane exposure (4% isoflurane induction, 2.5% maintenance, 20-min total duration) was identical to animals that received cannulae implantation surgery. A single isoflurane anesthesia session did not produce an antidepressant-like effect in the rat Porsolt test 1 h (F(1,10) ¼ 0.1, P40.05), 24 h (F(1,10) ¼ 0.3, P40.05), or 1 week postdosing (F(1,21) ¼ 0.4, P40.05) compared with control animals placed into a novel box, with the 1-week time point corresponding to the time when MPFC injections of GLYX-13 or ketamine were given. The mean ± SEM (sample size) floating times (sec) are: 1 h control group (150.6 ± 4.7 (n ¼ 6)); 1 h and 1 week isoflurane group (154.6±4.7 (n ¼ 6)), 24-h control group (123.6 ± 7.1 (n ¼ 6)); 24 h isoflurane group (128.5 ± 11.1 (n ¼ 6)); the 1 h and 1 week control group (121.9 ± 8.5 (n ¼ 12)), 1 week isoflurane group (112.6±11.3 (n ¼ 11)). 1 mg) or sterile saline vehicle. Given that 0.1 mg dose of ketamine increased locomotor activity, the Porsolt data for that dose were not included in the analysis given that increasing locomotor activity produces a false-positive antidepressant-like response. (e) a representative H&E-stained section depicting MPFC cannulae placement, arrow indicates injection site. n ¼ 5-10 per group. *Po0.05, Fisher's PLSD vs vehicle.
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GLYX-13 does not Show any Ketamine-like Discrimination Stimulus Effects
As shown in Figure 4 , GLYX-13 (3-156 mg/kg, SC) did not (a) substitute for 10 mg/kg ketamine IP (F(6,49) ¼ 0.6, P40.05)), or (b) suppress operant response rates (F(6,49) ¼ 0.2, P40.05)) across a wide dose range, whereas the positive-control ketamine (SC) showed dose-dependent substitution for the ketamine training dose (F(5,40) ¼ 18.1, Po0.05, Fisher's PLSD post hoc test 1, 3, 10 mg/kg ketamine vs vehicle Po0.05) and suppressed operant behavior at higher doses (F(5,40) ¼ 6.3, Po0.05, Fisher's PLSD post hoc test 10 mg/kg ketamine vs vehicle Po0.05). IP ketamine also showed dose-dependent substitution for the ketamine training dose (F(7,54) ¼ 46.3, Po0.05, Fisher's PLSD post hoc test 5.6, 10, 17, 30 mg/kg ketamine vs vehicle Po0.05) and suppressed operant behavior at higher doses (F(7,56) ¼ 4.6, Po0.05, Fisher's PLSD post hoc test 17, 30 mg/kg ketamine vs vehicle Po0.05).
GLYX-13 does not Show any Ketamine-like Sedative, Rewarding, or Sensory Gating Side Effects
As shown in Figure 5a , ketamine (10 mg/kg, IV), but not GLYX-13 (3 mg/kg, IV), induced drug reward as measured by an increased conditioned place preference compared with vehicle (F(2,24) ¼ 3.8, Po0.05, Fisher's PLSD post hoc test ketamine vs vehicle and ketamine vs GLYX-13 Po0.05).
As shown in Figure 5b , ketamine (10 mg/kg, IP), but not GLYX-13 (10 mg/kg, IV), produced sensory-motor gating deficits in the pre-pulse inhibition test as compared with saline vehicle (F(2,33) ¼ 4.0, Po0.05, Fisher's PLSD post hoc test ketamine vs vehicle and ketamine vs GLYX-13 Po0.05). % Prepulse inhibition ¼ 100-(mean prepulse trial startle amplitude/mean startle trial startle amplitude) Â 100. *Po0.05, Fisher PLSD post hoc test comparing drug vs vehicle.
As shown in Figure 5c , ketamine (10 mg/kg, SC), but not GLYX-13 (10 mg/kg, IV), showed sedative effects in the open field (F(2,24) ¼ 238.6, Po0.05, Fisher's PLSD post hoc test ketamine vs vehicle and ketamine vs GLYX-13 Po0.05).
Both GLYX-13 and Ketamine Produced a Significant Increase in Cell Surface Protein Expression (but not mRNA levels) of both NMDAR-NR2B and AMPA GluR1 in the MPFC or Hippocampus 24 h Post Dosing
As shown in Table 1 , neither GLYX-13 (3 mg/kg, IV), nor ketamine (10 mg/kg IV altered mRNA levels of NR1 In contrast, as shown in Figure 6 , GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) increased cell surface protein levels of NR2B in the MPFC and hippocampus 24 h post dosing as compared with vehicle controls (F(2,46) ¼ 11.1, Po0.05, Fisher's PLSD post hoc GLYX-13 vs vehicle, and ketamine vs vehicle individually for both the brain regions, Po0.05 ). GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) also increased cell surface protein levels of GluR1 (F(2, 33) ¼ 10.4, Po0.05, Fisher's PLSD post hoc GLYX-13 vs vehicle, and ketamine vs vehicle individually for both brain regions, Po0.05). We also show that both GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) increased pS845 GluR1/total GluR1 ratios in the MPFC 24 h post dosing as compared with vehicle controls (F(2,20) ¼ 3.8 Po0.05, Fisher's PLSD post hoc GLYX-13, ketamine vs vehicle, Po0.05; data not shown).
As shown in Table 2 , although GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) increased NR2B protein levels in MPFC whole-cell lysates 24 h post dosing, no effect was seen in the hippocampus (main effect for drug, F(2, 32) ¼ 6.0, Po0.05; drug X brain region interaction, F(2, 32) ¼ 3.3, Po0.05; Fisher's PLSD post hoc GLYX-13 vs vehicle, and ketamine vs vehicle in the MPFC, P o0.05, but not the hippocampus, P40.05). GLYX-13 and ketamine did not alter GluR1 protein levels in whole-cell lysates 24 h post GLYX-13 105 ± 7 8 7 ± 7 9 7 ± 7 8 4 ± 9 Ketamine 94 ± 8 7 3 ± 7 6 9 ± 6 8 7 ± 8 n ¼ 5-6 per group.
Figure 6 GLYX-13 and ketamine increased the expression of cell surface NR2B and GluR1 proteins in the rat MPFC and hippocampus 24 h post dosing. Mean±SEM protein levels in the medial prefrontal cortex (MPFC) or hippocampus as measured by Western analyses in 2-3-monthold SD rats treated with GLYX-13 (3 mg/kg, IV) or sterile saline vehicle (1 ml/kg IV; tail vein) 24 h before sacrifice. MPFC or hippocampus slices were incubated with Sulfo-NHS-SS-Biotin to label surface protein, and biotinylated protein was precipitated with avidin-agarose beads. Protein samples were analyzed by SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes probed with NR2B-, GluR1-, and b-actin-specific antibodies. The sample sizes for each group are, NR2B MPFC vehicle n ¼ 11, GLYX-13 n ¼ 11, ketamine n ¼ 8; NR2B hippocampus vehicle n ¼ 7, GLYX-13 n ¼ 6, ketamine n ¼ 6; GluR1 MPFC and hippocampus n ¼ 6 per group. *Po0.05, Fisher's PLSD post hoc test vs vehicle. As shown in Figure 7 , GLYX-13 (3 mg/kg, IV, n ¼ 6) and ketamine (10 mg/kg, IV, n ¼ 6) 24 h post dosing increased the proportion of NMDAR synaptic EPSCs gated by NR2B-containing NMDAR in hippocampal slices, as compared with vehicle (n ¼ 5) (F(2, 14) ¼ 8.7, Po0.05, Fisher's PLSD post hoc GLYX-13 vs vehicle, and ketamine vs vehicle, Po0.05 ). As shown in Figure 8 , GLYX-13 (3 mg/kg, IV) and ketamine (10 mg/kg, IV) 24 h post-dosing increased the magnitude of LTP elicited by a submaximal high-frequency stimulation in hippocampal slices (F(2, 50) ¼ 5.1, Po0.05, Fisher's PLSD post hoc GLYX-13 vs vehicle, and ketamine vs vehicle individually for T1-T3, Po0.05 ) 24 h post dosing as compared with vehicle.
DISCUSSION
The results reported here show that the novel NMDAR glycine-site functional partial agonist, GLYX-13, produces an antidepressant-like effect in rats without ketamine-like side effects. Both GLYX-13 and ketamine produced rapid acting (1 h) and long-lasting (24 h) antidepressant-like effects in the Porsolt test and a long-lasting (24 h) antidepressant-like effect in the LH tests. GLYX-13 and ketamine also produced a rapid acting antidepressant-like effect in the NIH test, whereas subchronic fluoxetine failed to show an antidepressant-like effect. Our interpretation of these results would have been strengthened by the inclusion of a chronic fluoxetine positive control, as well as testing GLYX-13 and ketamine 24 h post dosing. GLYX-13 did not show any ketamine-like discriminative stimulus effects, gating, sedative or drug-abuse-related side effects. Of the many different NMDAR-specific modulatory compounds that have been reported (Danysz and Parsons, 1998; Traynelis et al, 2010) , Figure 7 GLYX-13 and ketamine increase hippocampus NR2B current 24 h post dosing. (left panel) Representative Schaffer collateral-evoked EPSCs in a CA1 pyramidal neuron, treated 24 h earlier with vehicle (control), GLYX-13 (3 mg/kg, IV) or ketamine (10 mg/kg, IV). Traces are shown before (black), after bath application of the NR2B-selective NMDAR antagonist ifenprodil (IFE;10 mM; red), and after co-application of ifenprodil plus the NR2A-NMDARselective antagonist NVP-AM077 (NVP; 100 nM; blue). The scale for the x-and y-axes are an inset in the top panel. (right panel) Mean ± SEM NMDA receptor-dependent single shock-evoked EPSCs in the presence of the NR2B-selective NMDAR antagonist ifenprodil (10 mM), in CA1 pharmacologically isolated NMDA current in rats that were dosed with GLYX-13 (3 mg/kg, IV) ketamine (10 mg/kg, IV), or sterile saline vehicle (IV), 24 h before in vitro NMDA current measurement. n ¼ 5-6 per group. *Po0.05, Fisher's PLSD vs vehicle.
GLYX-13 antidepressant J Burgdorf et al a NMDAR glycine-site partial agonist, has been shown to have therapeutic potential in post-traumatic stress syndrome and schizophrenia but not reliably in depression (Goff et al, 1999; Heresco-Levy et al, 2002a , b, 2006 . Memantine is an activitydependent, low-affinity NMDAR channel blocker shown to have a therapeutic effect in Alzheimer's dementia (McShane et al, 2006 ). Memantine has not been shown to have antidepressant activity in clinical trials (Zarate et al, 2006b) , however, at high concentrations, where it might display antidepressant properties, it shows dissociative side effects (Bisaga and Evans, 2004) . The unique mechanism of action of GLYX-13 may explain its lack of ketamine-like side effects. GLYX-13 is a functional partial agonist at the glycine site, whereas ketamine is a non-competitive NMDAR channel blocker, which may help explain the lack of ketamine-like side effects seen with GLYX-13 (Moskal et al, 2005) . GLYX-13 activates the NMDAR at comparatively low levels of NMDAR activity, but acts as an antagonist at higher levels of NMDAR activity. The doses of GLYX-13 that lead to optimal antidepressant-like effects in rats (3-10 mg/kg, IV) are higher than doses that facilitate increases in hippocampus-dependent learning (1 mg/kg, IV) in both young adult and learning-impaired aging rats (Burgdorf et al, 2011a) , whereas they are similar to the doses effective in pain models (Wood et al, 2008) . GLYX-13 (1 mg/kg, IV) also increased positive emotional learning, as defined by an increased acquisition rate of heterospecific play-induced hedonic 50-kHz USVs, and this effect was also seen following MPFC injections (Burgdorf et al, 2011b) . Ketamine, as a NMDAR open-channel blocker, acutely blocks the induction and expression of LTP (Stringer et al, 1983) , as well as hippocampus-dependent learning tasks (Goulart et al, 2011; Wesierska et al, 1990 ). Moreover, ketamine shows no antidepressant-like effects when directly injected into the MPFC (Figure 3) . In fact, ketamine's antidepressant effects appear to be caused by the facilitation of MPFC glutamate release via blockade of GABAergic interneurons projecting into the MPFC (Li et al, 2010) .
The long-lasting antidepressant effects of both GLYX-13 and ketamine appear to be due to increases in long-term activity-dependent synaptic plasticity or metaplasticity. An important feature of metaplasticity is that these changes last longer than the triggering mechanism which could be electrical, chemical, or behavioral. NMDAR activation is a key component of both LTP induction and the induction of metaplasticity (Abraham 2008; Huang et al, 1992) .
Both GLYX-13 and ketamine led to a robust increase in the facilitation of LTP, measured 24 h post-dosing. This effect occurs long after the half-life of either compound in rats (plasma half life of GLYX-13 is 7 min and ketamine is 56 min; Rofael & Abdel-Rahman, 2002) . GLYX-13 and ketamine also increased NR2B-specific currents in hippocampal slices, as well as significantly increasing both NR2B and GluR1 surface protein expression in the hippocampus and MPFC. The long-term changes in synaptic strength are dependent on NMDAR activation of AMPA receptors (Lee et al, 2000; Malinow and Malenka, 2002; Song and Huganir, 2002; Nong et al, 2003) to produce its antidepressantlike actions, consistent with the idea that elevated NMDAR transmission acts via LTP, expressed as enhanced AMPAR transmission. The AMPA/kainate receptor antagonist, NBQX, blocks the antidepressant-like effects of both GLYX-13 ( Figure 2 ) and ketamine (Maeng et al, 2008) .
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